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We report on the fabrication of depressed cladding waveguides inNd:GdVO4 laser crystal by using femtosecond laser
inscription. The cross section of the structure is a circular shape with a diameter of 150 μm. Under the optical pump
at 808 nm, the continuous wave (cw) as well as pulsed (Q-switched by graphene saturable absorber) waveguide
lasing at 1064 nm has been realized, supporting guidance of both TE and TM polarizations. The maximum output
power of 0.57Wwas obtained in the cw regime, while the maximum pulse energy of the pulsed laser emissions was
up to 19 nJ (corresponding to a maximum average output power of 0.33 W, at a resonant frequency of 18 MHz). The
slope efficiencies achieved for the cw and pulsed Nd:GdVO4 waveguide lasers were as high as 68% and 52%,
respectively. © 2014 Optical Society of America
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Neodymium doped gadolinium vanadate (hereafter
Nd:GdVO4) is one of the well-known gain media for laser
diode (LD) pumped solid state laser systems. Because of
its higher thermal conductivity, higher damage thresh-
olds, and larger emission cross section, particularly
the higher pump absorption coefficient (33.2 cm−1 at
808 nm) compared to the Nd:YAG (9.1 cm−1 at 808 nm) or
Nd:GGG (14.5 cm−1 at 808 nm) gain media, Nd:GdVO4
crystal has great application for the development of solid
state lasers [1–3]. Femtosecond (fs) laser writing has
been utilized to fabricate waveguides in transparent
materials since the pioneer work from Davis et al. [4].
The refractive indices of the materials are either nega-
tively or positively changed along the inscribed tracks
because of the induced effects from the stress fields
and the lattice damages [5]. Focused at a spot and
producing a heat-affected zone both in micrometric or
sub-micrometric scales, the fs laser inscribed waveguides
preserve the fluorescence properties of the doped-rare
ions well in the waveguide area. Benefiting from the large
pump area and isotropic induced-stress field, depressed
cladding waveguides (also called Type III configuration,
typically located in a core surrounded by a number of
low-index fs-laser written filaments) support waveguide
lasers at both TM and TE polarizations with excellent
waveguide laser performance [5]. Typically, the step-by-
step translation technique is often used for fabricating
cladding waveguides, which was first proposed by Okh-
rimchuk et al. and applied in Nd:YAG crystals in 2005
[6]. Diverse configurations of depressed cladding wave-
guides—were produced in crystalline dielectric materials
(e.g., Nd:LGS [7], BiB3O6 [8]), Nd:YAG ceramics and
crystals [9,10], Tm3:ZBLAN [11], and Cr:ZnSe [12].
Waveguide lasers are miniature light sources, which
have significant applications in integrated photonics [13].
Different from cw lasers, the pulsed lasers play a more
important role in a number of photonic applications,
such as frequency comb generation, nonlinear micros-
copy and medicine optics [14–25]. With appropriate
saturable absorbers, e.g., semiconductor saturable
absorber mirror (SESAM) [14], semiconductor quantum
dots (QDs) materials (PbS QD glass) [15], sing-wall car-
bon nanotube (SWCNT) [16], and graphene [17], pulse
lasers have been achieved in numerous systems. The pas-
sive Q-switched mode-locked laser was first obtained in
Nd3-doped glass rods in 1966 [18]. In waveguides, lasers
have been passively Q-switched or modelocked in trans-
parent materials (i.e., Nd:YAG crystal [19], Nd-doped
glass [20], Yb:KYW [21], Yb:YAG [22], and Ti:Er:LiNbO3
[23]). Recently, the graphene saturable absorber (GSA)
offers great potential for applications because of its rel-
atively low saturation absorption intensity, large modula-
tion depth, and sufficient saturable absorption over an
ultrabroad range of wavelengths, compared with a wave-
length range of 800–2070 nm for SWCNT [17,18,24].
In this Letter, we report on the fabrication of
Nd:GdVO4 circular cladding waveguides inscribed with
multiple fs-laser damage tracks. The cw waveguide laser
oscillation at 1.06 μm was generated using an optical
pump at 808 nm. Furthermore, by using bilayer GSA on
quartz, a passively Q-switched pulse waveguide laser was
achieved for both TE and TM polarizations.
The a-cut Nd:GdVO4 crystal sample (doped by 2 at. %
Nd3 ions) was cut with sizes of 2 mm×3.7 mm×8 mm
along a, b and c axes, respectively. The circular de-
pressed cladding waveguides were produced by using
the laser facility of the Universidad de Salamanca, Spain,
in which a Ti:Sapphire regenerative amplifier (Spitfire,
Spectra Physics, USA) was used as a laser source for
the experimental setup shown in Fig. 1(a). It delivered
linearly polarized pulses of 120 fs and 795 nm central
wavelength at a 1 kHz repetition rate as reported in pre-
vious works [7,8]. The maximum available pulse energy
was 1 mJ, and it was reduced with a calibrated neutral
density filter placed after a half-wave plate and a linear
polarizer to get a fine control of the incident energy.
A depressive cladding waveguide (with a cross-
sectional diameter of 150 μm) was inscribed inside the
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Nd:GdVO4 crystal. The center was ∼225 μm below the
surface. During the fabrication process of the cladding
waveguides, the pulse energy was set to 1.68 μJ and
the laser beam was focused with a 40× microscope
objective (N.A. ∼0.65). The sample was scanned at a
constant velocity of 500 μm/s in the direction parallel
to the 3.7 mm edge, thus producing a damage line along
the sample. The procedure was repeated at different
depths of the sample, following the desired circular
geometry with a lateral separation of 3 μm between each
two adjacent tracks as shown in Fig. 1(b). Figure 1(c) is
a photograph of the sample with the end face coated by a
thin film, and the inset image shows an enlargement of
the waveguide area in which the waveguides could be
roughly watched. The thin film (high reflectivity at
1.06 μm and high transmission at 808 nm) was coated
on the input surface of Nd:GdVO4 and acted as the res-
onator high-reflectivity mirror (HRM). Under these
conditions, a tubular-shape structure with a diameter
of 150 μm was fabricated [see Fig. 1(d)] for the cross
sectional images of the waveguide with a diameter of
150 μm). Some cracks at the surroundings of the wave-
guides are observed at this irradiation conditions
because of the large stress induced in the crystal, but
they do not affect the waveguide core.
With the measurement of the N. A. of the waveguides
and using the formula reported in [25], we obtained the
maximum change of refractive index Δn ≈ 2.0×10−3 of
the waveguide. In spite of the method itself being a rough
estimation, this value was in good agreement with those
reported for other cladding waveguides [7–11] fabricated
under analogous irradiation conditions. The back-
reflection method [26] was used to measure the losses
of the cladding waveguides at 632.8 nm with a He–Ne la-
ser as a light source. The measured values for TM modes
were as low as ∼0.7 dB∕cm, which was lower than those
measured for TE modes, and the losses of the bulk
substrate were about 0.65 dB∕cm. Nevertheless, the
difference of losses between TE and TM polarized modes
was within 10%.
A tunable cw Ti:Sapphire laser (Coherent MBR 110,
USA) which generated a linearly polarized beam at
808 nm was used in the end pumping system to perform
the cw and passively Q-switched waveguide laser oper-
ation experiments at room temperature. A spherical con-
vex lens with a focal length of 75 mm was used to couple
the pump laser beam into the waveguide, and a 20× mi-
croscope objective lens (N:A:  0.4) was used to collect
the generated waveguide laser light and to image it on an
IR CCD camera through an aperture. A spectrometer and
an oscilloscope (Tektronix TDS 202 2B, 200 MHz) were
used to analyze the emission spectra and pulse trains of
the generated waveguide laser beams.
We calculated the output powers for the cw output
power versus the launched pump power, taking into ac-
count the transmittance and reflectivity of the optical el-
ements (e.g., microscope lenses) in the end-coupling
experiment. Results are shown in Fig. 2. The maximum
output powers measured were Pmax;cw ≈ 0.57 W. From
the linear fit of the experimental data we obtained the
thresholds of the cw waveguide laser Pth;cw ≈ 178 mW.
In addition, the extracted slope efficiency of the laser
is ηcw≈68%. In fact, the slope efficiency of 68% is quite
close to the quantum defect limit between the pump
and laser photons (∼76%). Compared with our previous
work [27], the slope efficiency 68% of the cladding wave-
guide in Nd:GdVO4 system was almost the same as that of
the fs-laser written double-line waveguide (∼70%). In
addition, the maximum output power of 0.57 W in this
work has increased by ∼120% as compared with the
double-line structure (256 mW), which was a consider-
able enhancement of the laser performance. The optical-
to-optical efficiency at the maximum output power of
0.57 W was calculated to be 63%.
For the Q-switched pulsed laser-operation experiment,
the bilayer graphene deposited on quartz was utilized as
the saturable absorber as depicted in Fig. 3(a). The
bilayer graphene coated on quartz was provided by Hefei
Vigon Material Technology Co., Ltd, China. The transmis-
sion of the GSA (bilayer graphene coated on circular
quartz plate) was measured to be 92% at 1064 nm It
Fig. 1. (a) Experimental setup of the fs-laser inscription
process of depressed cladding waveguides in Nd:GdVO4 crystal,
(b) cross-sectional design of cladding waveguides, (c) photo-
graph of the sample with the end face coated by a thin film
(the inset is the enlarged photograph of the waveguides),
and (d) microscopic cross-sectional image of the cladding
waveguide with a diameter of 150 μm.
Fig. 2. Output power of cw laser (red line) as a function of the
launched power at 808 nm.
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was stuck close to the end face of the sample, and the
other end face was coated with the thin film mentioned
above. With the analysis of the emission spectra of
the generated light we confirmed the successful typical
laser oscillation from the fs laser inscribed Nd:GdVO4 de-
pressed cladding waveguides, as the absorbed power
was above the lasing threshold [Fig. 3(b)]. The central
wavelength of the laser emission from the cladding wave-
guide was placed at 1064.5 nm, which corresponds to the
main fluorescence of 4F3∕2 → 4I11∕2 transition in the Nd3
ions, with a FWHM of ∼0.6 nm. The inset graph illumi-
nates the typical pulse trains of the passively Q-switched
laser under the pump power of 607 mW.
Figure 4 shows the dependence of the pulse duration
and the pulse energy as functions of the launched power
collected from the Q-switched pulse waveguide laser.
The pulse duration and the pulse energy were calculated
with the model for Q-switched laser presented in the pre-
vious work [28]. When the launched power was near the
lasing threshold, i.e., 297 mW, the pulse duration was
about 232 ns with the energy of single pulse being 6.6 nJ.
In agreement with the theoretical results reported in [29],
the pulse duration of the passive Q-switched pulse laser
decreased to 75 ns; meanwhile the pulse energy in-
creased to 19 nJ when the launched power was gradually
increased to 870 mW.
Figures 5(a) and 3(b) display the 2D laser modal pro-
files (at 1064.5 nm) in the cw regime at TM and TE polar-
izations as the launched power was above the threshold
at room temperature [Figs. 5(e) and 5(f) are the corre-
sponding 3D plots], and Figs. 5(c) and 5(d) correspond
to the modal profiles for pulsed operation [Figs. 5(g)
and 5(h) are the 3D plots]. As it has been demonstrated
in previous works [8], in the fabrication procedure of the
cladding waveguides the stress field induced in the
material was relatively more isotropic and symmetric
than the highly anisotropic stress filed in double-line
waveguides [30]; for this reason the cladding waveguides
supported lasing at both TM and TE polarizations with a
difference of laser performance less than 10%. It should
be pointed out that the TM and TE modes of the wave-
guide lasers were very similar. In double-line stress-
induced Nd:GGG [29], Nd:YAG [8,10], or Ti:sapphire [31]
waveguides, guided laser generation was only reported
along the TM polarization. In this sense, the cladding
waveguide configuration is more advantageous for a
pump with nonpolarized diode lasers. According to the
previous calculations [32,33], a single-layer graphene
owns an efficient absorption coefficient (∼2.3%) for
the incident visible-to-infrared light, and the modulation
depth of pristine monolayer graphene could be up to
65.9%. By considering that the nonsaturable loss in-
creased and the modulation depth of the graphene
reduced as a result of the enhancement of layers, the
modulation depth of the bilayer graphene could be larger
than 30% in this experiment. As one of the typical behav-
iors in the Q-switched waveguide laser, the calculated
repetition rate rises from 5.7 to 17.8 MHz provided that
it is proportional to the intracavity intensity and inversely
proportional to the pulse duration.
Fig. 3. (a) Experimental setup for the Q-switched waveguide
laser measurement and (b) spectrum of cw waveguide laser os-
cillated at 1064.5 nm (the inset graph is the pulse train of the
resonant laser).
Fig. 4. Efficient graphene Q-switched Nd:GdVO4 waveguide
laser at TM polarization: pulse duration (in red spheres) and
single-pulse energy (in blue spheres) versus the launched
power.
Fig. 5. 2D laser modal profiles of cw lasers at (a) TM and
(b) TE polarizations, and profiles of pulsed lasers at (c) TM
and (d) TE polarizations when the launched power was above
the threshold. (e)–(h) are the corresponding 3D plots.
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In conclusion, we have fabricated cladding waveguides
in Nd:GdVO4 crystal and realized efficient cw and
passively Q-switched waveguide lasing at 1064.5 nm by
bilayer graphene SA. Waveguide lasers at both TE and
TM polarizations with fundamental modal profiles were
achieved. The cw laser was with a maximum output
power as high as 0.57 W and a slope efficiency of 68%,
which was close to the quantum defect limit. By using
the GSA, the passively Q-switched pulse laser was
achieved with maximum single-pulse energy of up to
19 nJ. The resonant frequency of 18 MHz was generated
with the shortest pulse duration of 75 ns.
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